Introduction
Quinoline (Q) is one of the nitrogen-containing heterocyclic compounds found in wastewater effluent, typically from pharmaceutical and petroleum industries. 1, 2 Because of its toxic, mutagenic, and carcinogenic properties, and its poor degradability, quinoline-bearing wastewater has a great negative impact on human health and environmental quality. 3, 4 In previous studies, [4] [5] [6] it was found that certain bacteria are effective in decomposing Q. It was also suggested that the biochemical conversion of Q into 2-hydroxyquinoline (HQ) 7, 8 occurs in the first step of the metabolic pathways that are affected by the intermediates. 9 However, the mechanisms of Q degradation in bacteria remain unclear due to lack of quantitative information about intermediate and final products of the biodegradation. Clearly, an analytical method that is able to quantify Q and HQ during the processes will play an important role in the further investigation of the intermediate effects on Q/HQ conversion.
Currently, high performance liquid chromatography (HPLC) and gas chromatography (GC) are the typical methods used for Q and HQ quantification. 3, 7, [10] [11] [12] However, sophisticated or intensive sample pretreatment procedures are required for using these methods. For example, sample filtration must be used to remove the precipitates or particles from the sample solution before HPLC analysis. In GC analysis, sample derivation is mandatory because HQ is a non-volatile species. All of these procedures make such methods more complicated, time-consuming, and subject to large variation.
Q and HQ are heterocyclic aromatic organic compounds that have strong absorptions in the UV wavelength range and therefore can be determined by UV spectroscopy. Although the overlapped spectra of Q and HQ make it difficult to quantify these species based on the spectral measurement at a single wavelength, we believe that the problem can be resolved by using novel data acquisition approaches, such as dual-wavelength or tri-wavelength techniques. [13] [14] [15] In this work, we developed a novel, tri-wavelength spectrophotometric method for the determination of Q and HQ in sample solutions obtained from biochemical conversion processes. The data obtained by the present method were compared with those obtained by HPLC. Our results indicate that the present spectrophotometric method is simple, rapid, and accurate and has the potential for on-line process monitoring. Thus we believe such a method will facilitate accurate monitoring of Q and HQ biodegradation.
For the present study, a tri-wavelength UV/Vis spectrophotometric method for rapid determination of quinoline (Q) and 2-hydroxyquinoline (HQ) during Q biodegradation was developed. Based on the spectral measurements at 289 nm (the isosbestic point of Q and HQ), 326 and 380 nm, the spectral interference of extracellular polymeric substances (EPS) in the process samples could be minimized, and the amounts of Q and HQ could be simultaneously quantified. Our results indicated that the relative standard deviations in the repeatability tests were 2.7 and 1.7% for Q and HQ, respectively. The method validation was conducted by comparing the data obtained using the present method with those generated from high performance liquid chromatography (HPLC). The same set of samples from Q biodegradation process was used. The relative differences between the two methods were within 10%. In conclusion, the present method is simple, rapid, and suitable for the investigation in Q biodegradation processes. MA). Methanol (chromatographic grade) was obtained from Fisher Scientific (Pittsburgh, PA). All other chemicals used in this study were analytical grade and were provided by local chemical manufacturers. Distilled and deionized water was prepared by using Milli-Q Water Systems (Millipore, Bedford, MA) and used in all experiments.
The stock solutions (10 mmol L -1 ) of Q and HQ were prepared by accurately weighing 129 mg of Q and 147 mg of HQ, respectively, into two separate 100-mL volumetric flasks. A 50-mL volume of methanol was added, the solution was shaken for a few minutes and then made up to volume with the same solvent. These solutions were stable for seven days when stored at room temperature.
Several volumes (0.10, 0.20, 0.40, 0.60 mL) of Q or HQ stock solution were transferred into four 25-mL volumetric flasks, filled up to mark with water, and mixed well to prepare a set of Q standard solutions (0.04 0.08, 0.16 and 0.24 mmol L -1 ). These solutions were stable for seven days when stored at room temperature.
Bacterial strain and culture medium
The Achromobacter sp. DN-06, a quinoline-degrading bacterium, used in this study was isolated from the aerobic activated sludge in a coking wastewater treatment plant in southern China.
The nitrogen-free mineral salt medium (MSM) was used in the biodegradation experiments. Each liter of MSM contained (in grams) 4.26 Na2HPO4, 2.65 KH2PO4, 0.2 MgSO4·7H2O, 0.02 CaCl2, and 1 mL of trace elements solution (described below), with pH adjusted to 7.5. One liter of the trace elements solution contained KI 0.05, MnSO4·4H2O 2.0, CuSO4·2H2O 0.2, ZnSO4·7H2O 2.0, Na2MoO4·2H2O 2.5, H3BO3 0.08, and FeCl3·6H2O 1.0, all in grams. Q solution was added into the MSM as the sole C, N, and energy source of the bacteria.
Preparation of test samples
Achromobacter sp. DN-06 was pre-cultivated in MSM with 200 mg L -1 Q at 35 ± 0.5 C with shaking at 170 r min -1 . After growing into the logarithm phase, the bacteria were harvested by centrifugation at 1400g for 10 min. The resultant deposit was washed three times by adding MSM, re-suspended, and centrifuged in turn. A part of the washed cell was used to extract extracellular polymeric substances (EPS) by centrifugation at high speed; the other was then used as seed and cultivated in a 500-mL Erlenmeyer flask containing 300 mL MSM and Q (300 mg L -1 ). The fermented broth was sampled at intervals of 3 h in the process of Q degradation. The cells were removed by centrifugation at 9000g for 10 min. Concentrations of Q and HQ in the supernatant fluid were determined by methods of HPLC and spectrophotometry in parallel.
Extraction and quantification of extracellular polymeric substances (EPS)
The extraction of EPS from the washed bacterium was carried out by centrifugation at 9000g for 10 min. The concentration of EPS was measured by detecting the protein and total carbohydrates using the methods described by Liu and Fang. 16 Q and HQ analyses Spectrophotometry. A UV/Vis spectrophotometer (Agilent 8453 UV-Visible System, USA) equipped with a 1-cm quartz cell was used for the experiments. Absorption spectra of test and reference solutions were recorded over the wavelength 190 -500 nm at a scan speed 2800 nm min -1 and the fixed value of slit width of 1 nm. Distilled water was used as the blank control. HPLC analysis of Q and HQ. The determination of Q and HQ concentration was carried out using a HPLC system (Shimadzu LC-20AT, Japan) equipped with a Prominence SPD-20A UV/Vis detector (detecting at 270 nm), a Prominence SIL-20A/20AC, and a Diamonsil C18 reverse-phase column (250 × 4.6 mm, 5 μm). The mobile phase was a solution mixed with 5% aqueous acetic acid and methanol with the volume ratio of 20:80, and the flow rate was 0.5 mL min -1 . The column temperature was set at 40 C. Samples were filtered through 0.2 μm syringe filters prior to the injection onto the HPLC column. Q and HQ concentrations were calculated by comparing the corresponding peak areas for standards. Figure 1 shows the spectra of Q and HQ solutions at four different concentrations (0.04, 0.08, 0.16, and 0.24 mmol L -1 ). The spectra of these two species overlapped at UV wavelengths below 320 nm, and the absorbance (A) at the wavelength range between 326 and 360 nm was only attributed to HQ. Moreover, 289 and 296 nm were the isosbestic points, i.e., both Q and HQ had an identical molar absorptivity at these wavelengths, i.e.,
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Spectral characteristics of Q and HQ
AQ,289 = AHQ,289
(
and AQ,296 = AHQ,296 Figure 2 shows the spectra of Q, HQ, and their mixture. Each absorption (A) of the mixture at Q and HQ overlapped wavelengths (i) was the sum of the absorptions contributed by Q and HQ, i.e.,
Therefore, the amounts of Q and HQ in the solution could be easily determined based on a dual-wavelength spectral measurement, if there is no spectral interference from the coexisting species in the reaction system. Figure 3 shows the spectra of the solutions sampled at different reaction times during a Q to HQ conversion process. The characteristic peak of Q at wavelengths around 313 nm decreased, and the spectrum was dominated by that of HQ after 9 min. As shown in Fig. 3 , the absorptions at Q and HQ non-absorbed wavelengths (greater than 360 nm) increased with the continuation of the reaction. This may be because some precipitated by-products, i.e., the extracellular polymeric substances (EPS) 17, 18 were formed during the reaction. The particle sizes of EPS were determined by using a laser particle size analyzer (Eyetech, Ankersmid, USA) and the EPS sizes in the real sample at the reaction time of 12 h were below 5 μm. As a result, the absorptions in the whole UV/Vis range shifted up in the spectral measurement (Fig. 4) due to the light-scattering effect. 19 Although such effect can be minimized by the sample centrifugation, filtration, or ultra-filtration, it makes the testing more complicated and limits its applications for rapid or on-line measurements of Q and HQ during their conversion process. Figure 4 illustrates that the absorbance at 380 nm was due only to EPS and its absorptions at 326 and 289 nm, overlapped with Q and HQ, are higher than that of 380 nm. However, as shown in Table 1 , the absorption ratios (Ri) of EPS at 289 or 326 nm to 380 nm were basically constant and independent of its concentrations, i.e.,
Spectral interferences
AEPS,289 = R1AEPS,380
and
where R1 and R2 are 2.08 and 1.46, respectively. Thus, the absorptions of EPS at 289 and 326 nm in a Q and HQ containing reaction solution can be determined by measuring its absorbance at 380 nm.
Tri-wavelength method
As shown in Fig. 4 , the absorbances at the wavelengths of 380, 326, and 289 nm for the Q to HQ process sample were contributed to by EPS, HQ + EPS, and Q + HQ + EPS, respectively. Thus, the absorbance at these three wavelengths can be expressed as
Based on Eqs. (1), (4) - (6) and Beer's law (A = εC), Eqs. (7) and (8) can be rewritten as (10) where, εHQ,326 and εQ,289 are the absorptivities of HQ and Q (or HQ) at 326 and 289 nm, respectively, which are obtained based on a set of HQ and Q standard solutions as listed in Table 2 .
Thus, the concentrations of HQ and Q in the reaction solution can be calculated as 
Method validation
The reproducibility of the present method was confirmed based on the repeated analyses of a sample collected from a Q biodegradation process. As shown in Table 3 , the relative standard deviation (RSD) from four measurements on the sample was <3.0%.
The accuracy of the present method was evaluated using samples from different phases in a Q degradation process, in which the concentrations of HQ and Q in these samples were determined by both HPLC and the proposed tri-wavelength UV/Vis spectroscopic method. As shown in Table 4 , the results obtained by the present method were in good agreement with those obtained by the HPLC method. The relative differences between two methods were within 10%, indicating that the present method is useful and valuable for HQ and Q quantification in the Q biodegradation process.
Application
The present method was applied to monitor the Q biodegradation process in the presence of Achromobacter sp. DN-06, in which the initial concentration of Q was approximately 300 mg L -1 . As shown in Fig. 5 , the amount of Q in the sample decreased rapidly within the first 4 h and completely decomposed at 15 h, while the amount of HQ increased from 0 to 202 mg L -1 within 6 h and then decreased to 36 mg L -1 at 15 h. Figure 5 also shows the EPS content change during the process, which was calculated by its absorption at 380 nm and was found to increase from 11 to 48 mg L -1 during this experimental period. Due to sample centrifugation before the measurement, the amount of EPS measured by the present method is only a portion of the total EPS in the process sample. 20 However, this amount can be regarded as an indicator to monitor the change of bacteria level during the process, which makes the method more efficient for the process study in bacterial-catalyzed Q degradation.
Conclusions
In the present study, a simple and rapid spectroscopic method for the simultaneous determination of Q and HQ in Q biodegradation process samples has been developed and validated. The spectral interference of EPS in the samples can be effectively eliminated by a tri-wavelength approach. Our results indicate that the present method is accurate in Q and HQ determinations. 
